We investigate the mechanisms of three-dimensional ͑3D͒ to two-dimensional ͑2D͒ morphological transition in the heteroepitaxial growth of metal films by kinetic Monte Carlo simulations, and find that the difference between two types of neighbor interactions play an important role on the film morphology. The difference will vanishes with the film growing up. Just what the difference vanishes causes the morphological transition from 3D-cluster to 2D-island. Combined with elastic energy, we can predict which layer first occurs morphological transition. On the heterogeneous substrates, the growth of metal films with atomically flat and uniform thickness has been fulfilled via the procedure of low temperature deposition followed by annealing and then cooling to room temperatures.
On the heterogeneous substrates, the growth of metal films with atomically flat and uniform thickness has been fulfilled via the procedure of low temperature deposition followed by annealing and then cooling to room temperatures. 1, 2 A common characteristic of the grown flat films is the appearance of a single preferred thickness. That is, the three-dimensional ͑3D͒ growing clusters can transform into two-dimensional ͑2D͒ islands via several transition pathways that result in a multiple-thickness distribution. For example, Su et al. 2 used a scanning tunneling microscopy to in situ observe the formations of an individual Ag island growing on the Si͑111͒7 ϫ 7 surface at low temperature ͑170 K͒. They found that the Ag 3D cluster growth transforms into the 2D island growth only from the second layer but the first layer clusters cannot grow up. They attributed the phenomena to quantum size effect according to electronic structure consisting of quantized and non-quantized electrons, but they did not perform any quantitative analysis. Hupalo et al. 3 also suggested that the island-height selection is associated with the electronic structure of substrate. However, both of them had not considered the effect of the deposited atom ͑adatom͒ itself. Obviously, their explanation is not perfect.
In theory, the growth of metal atoms on the heterogeneous substrate taking 3D-mode or 2D-mode has been studied by Schwoebel-Ehrlich barrier effect 4 and strain field effect. 5, 6 Some simulations 7 confirmed that, if the ratio between hoping up and hoping down probability of adatom is different, the film growth will take different mode. In general, with a larger probability hoping up, the film will grow in 3D-mode. Otherwise, it grows in 2D-mode. However, up to now, there is not any theory to explore how the metal films transfer from 3D mode growth to 2D-mode growth when the coverage increasing. In this letter, we in the first time propose a hypothesis on the mechanism of the 3D-to-2D morphological transition of clusters for understanding the roughness of metal heteroepitaxial growth, i.e., the difference of chemical energies between two types of neighbor atoms is an important factor induced the film in 3D-mode growth. Just what the difference vanishes brings the clusters from the 3D-mode growth to 2D-mode growth. Based on the hypothesis, we insert our new parameters into the formula used by Russo et al. 6 to simulate the metal heteroepitaxial growth. Our simulation results agree quantitatively with the experiment measured by Su et al. 2 This argues that our hypothesis is valid and it can be used to interpret the morphology character of any film growing on the heterosubstrate. Now, we review strain field theory 6 on the metal film growth. The strain field theory proposes that the hopping up or down rate of adatom is determined by energy including elastic energy and chemical energy. The elastic energy is caused by the misfit between two heterolattices and gives a global effect on the metal film growth. If the misfit is below a critical value, the film grows in a layer by layer ͑2D island͒ fashion. On the other hand, if the misfit is above the critical value, then the film grows in the Volmer-Weber fashion ͑3D cluster͒. However, the fatal shortcoming in the theory is that they considered the chemical energy as a constant. In fact, when the adatom are different from the substrate atoms ͑subatom͒, the chemical energy between adatom and adatom is different with one between the adatom and subatom. Therefore, we cannot consider it as a constant again. In order to regress to the real chemical energies and to describe their difference, we define a physical parameter ␥ E which is a ratio of interactions between the adatom-subatom and the adatomadatom. Generally, ␥ E is smaller than 1 because of the subatom having been bond partly with the heterogeneity substrate atom.
The kinetic Monte Carlo ͑KMC͒ simulation has been proposed recently to study the film growth by many researchers, 8, 9 where the growth parameters, including temperature T, flux rate F to the surface during deposition, surface coverage ⌰ and growth time, 8 are directly involved in the simulation. Burton et al. 10 first suggested a fully continuum models to investigate the elastic effect between steps in thin film growth by Monte Carlo simulation. Its advantage is able to simulate on a large length scales, but a particular morphological fluctuation of thin film cannot be obtained from the simulation. Recently, Russo and Smereka 6 introduced a fully discrete model which is evolved in time using a KMC method. and nucleation are naturally incorporated. In this letter, we take Russo's method except their energy formula and the detail computer program is referred in Ref. 6 .
Our simulation, for simplification, are performed on a simple cubic lattice in the volume V = L x ϫ L y ϫ L z , where two constants: L x = L y = 100 is chosen but L z is available with the surface coverage increasing. We assume that the adatoms occupy these sites arranged on a simple cubic lattice with no over hanging atoms ͑i.e., we take solid-on-solid model 10,11 ͒. Besides, temperature, T = 200 K, and the deposition rate formula, F⌬ta 2 =10 −5 , is taken up to coverage of 2.5 ML, where 1 ML denotes a monolayer in which every lattice site has been occupied by one adatom, a is the shortest distance between adatoms, F is the deposition rate and ⌬t is the time interval between two hop events of an adatom. The diffusion coefficient is defined as D = a 2 / 4⌬t so that D / a 4 F = 2.5 ϫ 10 4 . For interval during two depositions, we add the number of adatoms and perform the number of MC steps for every adatom by the ratio of diffusion coefficient D to the flux F value. In order to keep our program faster and more effective, the step number of MC simulation is associated directly with the number of neighbors of adatom. For the adatoms with neighbors N b Ͻ 5, the hop perform at once without calculating the energy. The energy formula in our model is given by
where E b is chemical energy and E e is elastic energy which is induced by the misfit between two heterolattices. The chemical energy further are described as the interaction energy E f,k ͑E s,k ͒ of the adatom with the first ͑second͒ neighbor on the k-th place. f͑s͒,k = 1 if the k-th first ͑second͒ neighbor exists. Otherwise, f͑s͒,k = 0. Besides, if there is a deposited movable atom in the k-th site ͑first or second neighbor͒, we have k = adatom; if there is an atom of wet-layer or substrate material in the k-th site, we record k = subatom. ⌬t is given by Ref. 12, ⌬t = −1 e E/k B T , where is the Debye frequency of an adatom, k B is Boltzmann constant, and T is the absolute temperature. We assume that E f,adatom = E f,subatom = E 1 because there is only one first different neighbor and its effect is very small for cubic lattice. We denote E s,adatom = E 2 and E s,subatom = E 2 Ј and define a parameter ␥ E ͑␥ E = E 2 Ј/ E 2 ͒ to represent the ratio between two kinds of the second neighbor interactions. The ␥ E is chosen from 0.0 to 1.0. Consequently, every adatom will perform, on average, one hop per time step. The hopping probability ⌫ is given by
where N b is the sum of neighbor number and ⌫ = exp͕−͓͑E b − E b0 ͒ − ͑E e − E e0 ͔͒ / k B T͖. E b0 and E e0 are the interaction energy and elastic energy, respectively, when there is only one adatom and N b = 5. We use ⌬E e to describe the E e − E e0 . In order to carry a particular simulation, we need to choose some particular values for the above parameters. According to the experimental result and theoretical analysis made by Jones et al., 13 E 1 can be taken as 0.25Ϯ 0.05 eV. The interaction energy ͑E 2 ͒ between the adatom and its second neighbor may be chosen from 1/6 to 1/10 of E 1 by referring Liu et al.'s ͑Ref. 7͒ calculation result. For homoepitaxial growth, the total energy ⌬E e should be very small, so we can neglect its effect; We choose the spring constants:
in our simulation to let the system come to mechanical equilibrium and to calculate the elastic energy according to Ref. 6 . In fact, up to now, there are not any accurate spring constants of silver nanofilm reported. The spring constant of silver nanowire is calculated to be 8.755 ͑N/m͒ ͑to be approximately equal to 530k B T / a s 2 ͒ from the measured force-displacement curve ͑Fig. 2͒ in the paper by Jing et al. 14 However, Chen 15 argues that the smaller the size of the nanofilm is, the smaller is the spring constant. Only when the width of nanofilm arrives to the critical size, the spring constants approach to ones corresponding to its bulk material. Owing to our discussing clusters being smaller, so we choose the constant k L = 500k B T / a s 2 little smaller than 530k B T / a s 2 . Figures 1͑a͒-1͑d͒ show our simulation results for ␥ E = 0.40, 0.30, 0.20, and 0.10, respectively, with the surface coverage being 0.4 ML. The height of an island is expressed by the autoproducing eight colors by ORIGINPRO7.0. These figures show that, when ␥ E = 0.40 and 0.30 the islands possess only one-layer thickness and the islands grow in 2D-mode. When ␥ E = 0.20 and 0.10, the islands have two-layer thickness as the coverage is smaller than one layer so the metal atoms grows in 3D-mode. Therefore, for different ratio ␥ E , there are different growth mode.
To quantify the 2D-mode or 3D-mode growth, we define the roughness of surface as
where h ij is the height of cluster at lattice site ͑i , j͒, and h is the average values of h ij . We carry out the simulation up to surface coverage = 2.5 ML and plot the roughness as functions of coverage in Fig. 2͑a͒ . From Fig. 2͑a͒ , we can see that the growths with ␥ E = 0.4 and 0.3 are a 2D-mode growth because the roughness changes periodically with the coverage increasing; and the growths with ␥ E = 0.2 and 0.1 correspond to the 3D-mode growth because the roughness increases continuously until the coverage reaches 1.0 ML. After the coverage is larger than 1.0 ML, for both growths with ratio 0.2 and ratio 0.1, the roughness decreases gradually and this implies another morphological transition will occur. We will discuss the morphological transition in Fig. 3 . Figure 2͑b͒ shows the roughness as a function of the ratio ␥ E for two coverage: 0.5 and 1.0. The two curves in Fig. 2͑b͒ vary abruptly near the ratio ␥ E = 0.25. Thus, the critical ratio of ␥ E is about 0.25. Figure 3 shows the transforming process of metal film growth from 3D-cluster morphology to 2D-island morphology. At the coverage of 0.08 ML ͓Fig. 3͑a͔͒, not only the one-layer clusters ͑light green dot but also the two-layer clusters ͑yellow dot͒ are formed on the heterogeneous substrate. In Fig. 3͑b͒ , the two-layer clusters grow up while the one-layer clusters vary little. With coverage increasing continuously, both Figs. 3͑c͒ and 3͑d͒ display that the two-layer clusters have changed into the second-layer islands with the uniform thickness of two-atom layers, whereas the first layer clusters almost do not grow up but are swallowed by the second-layer islands.
Summarily, we performed KMC simulation for the metal film heteroepitaxial growth and found that the 3D-to-2D morphological transition of single cluster occurs at the second layer when the difference between two kinds of interactions vanishes with the coverage increasing. This agrees with the experiment of Ag film growth reported by Su et al. 2 The shortcoming in our research is that we put our system in a cubic lattice instead of Ag FCC lattice for simplification. In our next paper, we base our system on fcc model with triangle lattice for Ag or Pd film growth on the substrate, obtain the same conclusion for Ag film growth as this paper, and predict which layer is dominated over all of morphological transition layers for Pd film growth. 
